In this report, the effects of various errors and plasma time courses of indicator concentration on the accurate determination of cerebral blood flow (F) are theoretically analyzed for the tissue equilibration and the indicator fractionation techniques, For the indicator frac tionation technique, the impact of sample timing and tissue assaying errors and of indicator backflux were ex amined; for the tissue equilibration method, errors in the value of the partition coefficient (A.), sample timing, and tissue assaying were considered. The recommended ways to decrease the effects of errors in the indicator fraction ation technique are to administer the indicator by an in travenous bolus and to sample the tissue about 10 s there after. Possible errors in the assessment of F by the tissue equilibration technique are diminished by using an indi cator infusion schedule which yields a continuous rise in arterial concentration and by selecting a 30-s experiment
There are two general techniques for measuring regional cerebral blood flow, the tissue uptake and the tissue washout or clearance methods. Of these two approaches, the one most commonly used in small-animal studies is the tissue uptake technique, which was first developed and applied by Kety and associates. With this method, an inert, highly ex changeable radioactive substance (the indicator) is duration. Surprisingly, the impact of sample timing errors is greater on the determination of F with the tissue equil ibration method than with the indicator fractionation technique. For the chosen plasma time courses, there is always a backflux error in an indicator fractionation es timation of F, and this error increases as the flow rate increases. Thus, provided the sample timing and tissue assay errors are small and the value of A. is known, the tissue equilibration method is the more accurate of the two. If A. is unknown, then the indicator fractionation technique should be used. In many cases, the indicator fractionation method will provide as accurate an estimate of F as will the tissue equilibration method. Key Words:
Backflux-Cerebral blood flow-Error analysis-Indi cator fractionation method-Partition coefficient Tissue equilibration method.
intravenously administered, blood is repeatedly or continuously sampled, terminal samples of brain are obtained, and quantitative measurements of the indicator in all blood and brain samples are made. Blood flow is then calculated from these data with an equation derived by Kety (1951) from the Fick principle and a two-compartment model of blood tissue exchange.
For the tissue uptake method there are two dif ferent versions of the experimental procedure and the Kety equation used to estimate cerebral blood flow. The fi rst of these is the one originally em ployed by Kety, Sokoloff, and co-workers (Landau et aJ., 1955; Freygang and Sokoloff, 1958; Sakurada et al., 1978) , and is known as the tissue saturation (Lacombe et aJ., 1980) or the tissue equilibration technique. This procedure, in which the tissue is assumed to be in equilibrium with venous blood, will be referred to hereafter as the tissue equilibra-tion method. The tissue equilibration technique em ploys a 30-60 s experimental period and a model of blood-tissue exchange which assumes that the indicator rapidly passes back and forth (equili brates) among plasma, red cells, and a single, well mixed tissue compartment. The tissue equilibration technique has been used by many investigators since its introduction by Kety. The second version of the tissue uptake method of measuring cerebral blood flow is a simplification of the method originally introduced by Goldman and Sapirstein (1973) and is referred to as the in dicator fractionation technique. The indicator frac tionation method employs a working equation de rived from a model of blood-tissue uptake which assumes complete indicator extraction and negli gible indicator backflux. The assumption of negli gible indicator backflux simplifies the procedure, since the tissue-blood partition coefficient of the indicator need not be determined during the course of the study as is necessary for the tissue equilibra tion technique. The most common application of this procedure involves the use of microspheres in which there is complete tissue trapping (i.e., com plete extraction and no backflux) of the tracer. In recent years, the indicator fractionation approach has also been used with diffusible indicators and very short experimental periods (usually 10 s) to measure cerebral blood flow (Van Uitert and Levy, 1978; Gjedde and Gjedde, 1980; Gjedde et aI., 1980; Sage et aI., 1981) .
In the present report we theoretically evaluate certain errors in the determination of cerebral blood flow with diffusible indicators by the indicator frac tionation and the tissue equilibration methods. For the indicator fractionation technique, the errors in the estimation of blood flow introduced by the as sumption of negligible backflux and by mistakes in sample timing and tissue analysis are examined. For the tissue equilibration method, the effects of in accuracies in the value of the blood-brain partition coefficient, the amount of indicator in the tissue, and the timing of the sampling are evaluated. In the discussion, recommendations on ways of per forming indicator fractionation and tissue equilibra tion experiments are made, and points for consid eration when choosing between the two techniques for a particular study are put forward.
Additional sources of error such as tissue heter ogeneity, permeability limitations, and timing and measurement errors of individual blood samples, al though important, are not included in this analysis. Other treatments of errors in the measurement of blood flow by the tissue equilibration method may J Cereb Blood Flow Metabol, Vol, 4, No, 1, 1984 be found in Eklof et ai. (1974 ), La Combe et ai. (1980 , and Junck and Rottenberg (1983) .
DESCRIPTIONS OF THE METHODS
For the tissue equilibration technique, the indi cator (usually radiolabeled iodoantipyrine) is intra venously infused at either a constant or an in creasing rate. Both infusion schedules lead to a con tinuous rise in the plasma concentration of the indicator during the experimental period. A series of consecutive, well-timed arterial blood samples is collected from the time the infusion begins until the experimental animal is killed. The individual blood sampling periods are usually 4-7 s in duration, and a complete time course of indicator concentration in arterial blood is obtained. At a precisely mea sured time after the beginning of the infusion (usu ally 30-60 s) the animal is quickly killed, the brain is rapidly removed, and all samples are prepared for radiochemical analysis. Blood radioactivity is determined by liquid scintillation or gamma spec trometry, whereas tissue radioactivity is assayed by liquid scintillation spectrometry, gamma counting, or quantitative autoradiography.
For the indicator fractionation technique, the in dicator (labeled butanol most commonly) is intra venously injected as a bolus. The arterial concen tration of the indicator rises within several seconds and reaches a peak �4-5 s after the injection; thereafter the arterial concentration rapidly falls. Prior to injection of the indicator, sampling of the arterial blood is begun by turning on a constant-rate pump which withdraws blood into an arterial cath eter and syringe system. At a predetermined time after the bolus injection (usually 10 s), the experi mental animal is killed by decapitation, and the withdrawal of arterial blood is simultaneously stopped. Blood and tissue samples are assayed for radioactivity in the same manner as described for the tissue equilibration method.
The key differences in the execution of indicator fractionation and tissue equilibration experiments are (1) the method of administering the indicator and the resulting time course of indicator concen tration in arterial blood (hereafter referred to as the arterial time course); (2) the method of arterial blood sampling; and (3) the duration of the experi mental period. These differences plus the differ ences in the assumed distribution models and the working equations are theoretically analyzed in this paper.
Four different arterial time courses are used in this treatment. They have been chosen because they cover the whole range of possible monotonic time courses and can be handled by simple mathe matical relationships. The first of these relation ships is the Dirac � function which is defined as
is the concentra tion of the indicator in the arterial blood at t, and T is the duration of the experiment. In words, the indicator concentration in arterial blood is infinitely high at the "instant" of injection for an infinitely short period of time and is thereafter zero. The Dirac � function represents an extreme case of a bolus input, namely, a very rapidly rising and falling arterial time course. A practical, experimentally de rived example of a bolus input is also analyzed in the discussion. The other three time courses of arterial concen tration are described by a simple polynomial rela tionship:
(2) where C o is a constant and n is confined to values �O. For n = 0, 1, and 2, the arterial time courses of concentration given by Eq. 2 correspond to a constant, a linearily increasing, and a parabolically increasing arterial concentration with time, respec tively. These three cases cover the likely range of arterial time courses of concentration found in tissue equilibration studies.
THEORY AND DERIVATIONS

General considerations
Kety (1951) developed a set of equations de scribing the exchange of inert, diffusible indicators between blood and tissue and showed that tissue blood flow could be estimated from data on the con centration-time curve of an intravascularly admin istered indicator in the arterial blood perfusing the tissue, the tissue-blood partition coefficient of the indicator, and the amount of indicator present in the tissue at the end of the experimental period. A sim ilar set of symbols and assumptions are used here.
As before, t is the variable time, Ca(t) is the con centration of the indicator in the arterial blood per fusing a tissue such as the brain at time t, and Tis the time at the end of the experimental period. In addition, A(T) is the amount of indicator per unit weight of tissue at time T, A. is the estimated equi librium tissue-blood partition coefficient of the in-dicator, and F is the actual rate of blood flow per unit weight of tissue.
For development of the equation, the following general assumptions are employed:
1. The capillaries of the tissue are infinitely permeable to the blood flow indicator, and thus the term m as defined by Kety is equal to 1.0.
2. The indicator substance instantly and uni formly distributes within a single tissue region; i.e., the movement of the indicator between blood and tissue is bidirectional and adequately described by a completely exchangeable two-compartment system.
3. The indicator molecule is freely and fully sol uble within the system and is not metabolized during the experimental period.
4. On intravascular administration the indicator immediately equilibrates within its blood distribu tion compartment.
5. The rate of blood flow is constant throughout the experimental period.
The differential equation for blood-tissue ex change in this situation is based on the Fick prin ciple and is
The solution of this equation is
Equation 4 is the working equation of the tissue equilibration technique. The working equation of the indicator fractionation method is derived from Eq. 3 and is given below.
INDICATOR FRACTIONATION TECHNIQUE
Backflux error Goldman and Sapirstein (1973) noted that the backflux of indicator was negligible with respect to the influx for a finite period of time when FT/A. was small (i.e., the amount of indicator-containing blood delivered to the tissue was much less than the in dicator's equilibrium distribution space or A. 
An analytical expression for the error caused by indicator backflux is readily derivable from Eqs. 4 and 6. The backflux error EB is defined by
Since FB < F, Eq. 7 indicates that EB is negative.
Inserting Eqs. 4 and 6 into Eq. 7 and rearranging yields
Examination of Eq. 8 indicates that not only the variables T, F, and h but also the input or form of the arterial time course is important in the estab lishment of EB for a given experimental situation.
As discussed later, this implies that an arterial input which minimizes the error can be determined and selected for the indicator fractionation technique. By substituting the polynomial expression for the time course of arterial concentration (Eq. 2) for Ca(t) in Eq. 8, expanding the exponential term, in tegrating, and rearranging, the following expression of EB is generated:
The graphical relationship between ( EB ) ma x and TF/ h (Eq. 11) is also shown in Fig. 1 .
The data in Fig. 1 indicate two things about the backflux error of the indicator fractionation tech nique. First, regarding the arterial time course, the maximal set of errors is produced by the Dirac 0 function because indicator backflux is greater with a bolus injection than with a continuous infusion (see above). Second, the backflux error diminishes as the TF/h ratio decreases; the experimental cir cumstances which yield a small TF/h ratio are a relatively short experimental time, a low rate of blood flow, and a large partition coefficient.
Sampling time error
As just indicated, the error in determining tissue blood flow with data from an indicator fractionation experiment and Eq. 5 is diminished by shortening the experimental period. Shortening the experiment to 10 s or less, however, requires precisely timed, rapid sampling of the blood and a well-coordinated termination of the experiment. Because of the tech nical difficulties involved in obtaining as many as five or more blood specimens over such a short pe riod of time, the continuous-withdrawal technique of blood sampling is usually employed to evaluate
This series converges rapidly, and only the first few terms are significant. If TF/h < 0.2, then
The relationship between EB and TF/h (Eq. 9) is expressed graphically for different time courses of arterial concentration in Fig. 1 .
For the indicator fractionation method, backflux produces the largest error in the determination of blood flow when the arterial time course is the pre viously mentioned Dirac 0 function (Eq. 1). The correctness of this statement is easy to perceive intuitively, since for such an input function all tissue uptake is accomplished instantaneously at t = 0 and only indicator efflux is possible thereafter. The mathematical proof that the Dirac 0 input yields the maximal EB is obvious from Eqs. 1 and 8 and the monotonic increase toward unity of the term exp[ -(T -OF/h] with increasing t. By inserting Eq. 1 into Eq. 8 and rearranging, an expression for the maximum value of EB ' ( EB ) ma x , is produced:
the arterial concentration-time integral for indi cator fractionation studies. The continuous or con stant-withdrawal technique was devised by Schein berg and Stead (1949) and later employed by Schaefer et al. (1976) , Van Vitert and Levy (1978) , and Gjedde et al. (1980) . Beginning the collection of arterial blood pre cisely at t = 0 is tricky and unnecessary, since the arterial integral can be accurately assessed by turning on the withdrawal pump 5-10 s before ad ministering the indicator. If the arterial blood col lection is started at t < 0, namely, at -T', then the mean concentration of the blood flow marker in ar terial blood during the entire collection period (Cc) may be used to evaluate the concentration-time in tegral since Ca(t) = 0 for t < O. The integral is obtained from the Cc data by one or the other of the following expressions:
where V is the volume of collected blood and r is the rate of withdrawal. tion, the dashed curve a linearly increasing blood concen tration, and the dotted curve a quadratically increasing blood concentration. These three curves are computed from Eq. 9. The solid curve is for a Dirac 8 blood concentration and is computed from Eq. 11. Note that the ordinate is for -ES'
Mistakes in the synchronization of blood and tissue sampling can be caused in several ways; two of them will be considered here. First, sampling of the blood may be stopped at a time other than the decapitation or "brain sampling" time. Second, the concentration-time relationship in the withdrawn blood may be displaced in time with respect to the concentration-time relationship of the arteries in quadratically increasing blood concentration. These three curves are computed from Eq. 16. Note that the ordinate is for -Er. the brain; for example, if there is significant dead space in the blood sampling system, then the inte gral derived from the withdrawn sample will indi cate the integral in the arteries of the animal at an earlier time than the sampling time. These two cases of sampling-time errors are mathematically equivalent and will be considered together. In this treatment, all measured parameters except the blood sample timing are assumed to be exact. In other words, it is assumed that blood flow to the tissue and further delivery of the indicator cease at t = T (the time of decapitation), but that the timing of the blood sampling is off with respect to the de capitation.
Since the arterial blood withdrawal starts at t < 0, the early part of the concentration-time integral is obtained in all cases and only the terminal part of the integral is affected by the mistake. The ef fective difference in time between brain sampling (decapitation) and blood sampling is symbolized by 8; hence, blood sampling ends at t = T + 8. In this situation, the apparent rate of blood flow FT is given by 
Substitution of a simple polynomial for Ca(t) (Eq.
2) in Eq. 15 yields
The graph of Eq. 16 is shown in Fig. 2 . If Ca(t) is
given by a Dirac 0 input function (Eq. 1), then a similar substitution and manipulation of Eq. 14 will yield ET = O. This is not surprising, since ETdepends on the concentration -time integral during the in terval between T and T + 8 when the arterial con centration, and thus the integral, is zero for the Dirac-o function. The data in Fig. 2 indicate that the timing error is maximal for a parabolically rising arterial time course and is zero for a Dirac 0 function. Accord-ingly, intravenous injection of the indicator by bolus as in indicator fractionation studies minimizes the timing error because the arterial concentration of the indicator is very low by 8 s.
Tissue assay error
Errors in the measurement of tissue radioactivity often occur when assaying tissue radioactivity by either liquid scintillation spectrometry or quantita tive autoradiography; in turn, they lead to errors in the estimation of blood flow. To assess the error for the indicator fractionation approach, let a be the mistake in the measurement and FA be the apparent blood flow; therefore the sum A(T) + a is the total amount of indicator measured (incorrectly) in the tissue, and FA is 
In turn, the relative total error EB T A is defined as
Insertion of Eqs. 6, 7, 13, 14, 17, 18, and 20 into Eq. 21 and rearranging yields
Therefore, the combined error is easily expressed as a function of the individual errors.
TISSUE EQUILIBRATION TECHNIQUE
Incorrect partition coefficient
As previously discussed, the variables T, A(T), and Ca(t) are measured when blood flow is assessed by the tissue equilibration technique. The rate of blood flow is then calculated by inserting these data plus a specific value of the indicator's partition coefficient into Eq. 4 and solving for F. If the value of A chosen is incorrect, then the calculated F will be in error. A relative measure of this error may be found by taking the partial derivative of F with re spect to A in Eq. 2 for a given value of A(T) . The following relationship between F and A is then ob tained:
by a tissue assay mistake alone. In contrast to EB and Er> EA is independent of the form of the arterial time course.
Substituting a simple polynomial for Ca(t) in Eq. 23, expanding the exponentials in a power series, in tegrating, and rearranging yields aF/aA
Combined error
If TF/A is small, then Eq. 24 is approximated by
In the course of performing indicator fractiona tion experiments, all three of the previously dis cussed errors can occur at once, thereby producing
The relationship between -(aFlaA)/(FIA) and TFIA shown in Eq. 24 is expressed graphically for dif fe rent arterial input functions in Fig. 3 . For a given set of parameters (T, F, and A) the maximum deviation in the calculation of F by Eq. 4 for an incorrect A value is produced by selecting an arterial concentration-time relationship which maximizes the tissue-to-blood backflux. Accord ingly, the arterial input function which results in the largest backflux during the experimental period is a Dirac 5 function. The case where TFIA < 1 dem onstrates this point. For TFIA < 1, (T -t) exp[ -(T t)FIA] monotonically decreases while exp[ -(Tt)FIA] monotonically increases and approaches one as t becomes large; consequently, since (T -t)(FI A) < I for t > 0, then aFlaA is maximally negative for a Dirac 5 input (Eq. 23). By inserting the Dirac 5 function (Eq. 1) into Eq. 23 and rearranging, an expression of the maximal alteration in F generated by a change in A, (aFlaA)ma x, is obtained for values of TFIA < 1:
The graphical relationship between -(aFlaA)maJeFI A) and TFIA (Eq. 26) is also shown in Fig. 3 . For TFIA > 1, a Dirac 5 input yields a positive value of aFlaA.
The data in Fig. 3 show that rising arterial con centrations of the indicator (n = 1, 2; Eq. 2) mini mize the error in the estimation of F caused by an incorrect value of A. Also, the evaluation of F is termination of F caused by using an incorrect value of A, (LlFIFh, is given by
where A is the correct value of the partition coef ficient and LlA is the assumed (incorrect) value of A minus the correct value of A. The (LlFIF)" ratio is comparable in meaning to the EB defined in the anal ysis of the indicator fractionation technique. It is clear from Eq. 27 that the relative flow error (LlFI Fh for a given relative error in A, LlA/A, is not con stant but depends on the values of F, T, and A. To find (LlFIFh for a particular case, the appropriate values of (aFlaA)/(FIA) from Fig. 3 and the specific values of LlA and A are inserted in Eq. 27.
Sample timing error
Mistakes in timing can arise in more ways with the tissue equilibration technique than with the in dicator fractionation method, because there can be mistakes with each separate blood sampling event as well as displacements in time of the whole blood sample series relative to the tissue sampling time.
Since the possible combinations of individual sample timing mistakes are myriad with the tissue equilibration technique, they will not be treated here; only the two cases given in the analysis of the indicator fractionation method (see above) will be considered. As with the indicator fractionation technique, both these cases are mathematically equivalent.
A relative indication of the timing error is ob tained by taking the partial derivative of F with re spect to Tin Eq. 4:
less perturbed by an incorrect A value when the TFI A ratio is small than when this ratio is large.
An approximation of the relative error in the de-
FIT 2TFIA
Substituting a polynomial (Eq. 2) for Ca(t) in Eq.
28, expanding the exponentials in a power series, integrating, and rearranging yields (TFIA) 2 (TFIA)3 24. The solid curve represents a Dirac /) blood concentration and is computed from Eq. 26. Note that the ordinate is for -(aF/ax.)/(F/X.).
The graph of Eq. 29 for n = 0, 1, and 2 is shown in Fig. 4 . By the same argument as used with Eq. 26, it is seen from Eq. 28 that aFlaT is maximally positive As in the treatment of an incorrect A value (Eq. 
where T is the duration of the experiment (based on the time of tissue sampling) and !1T is the mistake in timing (for example, 1.0 s). The (!1FIFh ratio is comparable in meaning to ET (Eq. 14) and is deter mined by inserting the appropriate values of !1T, T, and (aFlaA)/(F/A) ( Fig. 4) into Eq. 31.
Tissue assay error
An incorrect assessment of A(T) produces an error in the calculated value of F (Eq. 4); this de viation depends on the true values of F, A, and T and on the arterial concentration-time relationship. A relative measure of this mistake may be found by taking the partial derivative of F with respect to A(T) in Eq. 4. The following relationship between F and A(T) is then obtained: 
FIA(T) FI'A
Equation 33 indicates that the curves for [aFI aA(T)]/[FIA(T)] will be identical to those of -(aFI a'A)(FI'A) with a displacement of + 1 in the ordinate.
This function is graphed in Fig. 5 and shows that the relative errors caused by tissue assay mistakes are least for the cases of small TFI'A ratios and rising arterial time courses.
The relative error in F generated by a tissue assay mistake, (!1FIF)A ' is approximated by
A
FIA(T) A(T)
where A(T) is the true amount of the indicator in the tissue sample and !1A(T) is the incorrectly mea sured amount minus the true amount. The (!1FIF)A ratio is comparable in meaning to E A (Eq. 18) and is calculated in the same manner as presented for the partition coefficient (Eq. 27) and timing (Eq. 31) errors.
Combined error
All three of the previously discussed errors can and do occur together in the course of performing tissue equilibration experiments. For the combined error in the measurement of the flow when all three 24 and 33. The solid curve represents a Dirac Il blood con centration and is computed from Eqs. 26 and 33.
of the individual errors are present, the following relationship holds:
The meanings of EB T A (Eq. 21) and (!1FIF) AT A are similar, and these two equations will be used to compare the combined errors of the indicator frac tionation and tissue equilibration techniques.
DISCUSSION
This discussion is organized in the following manner. First, the indicator fractionation technique is analyzed and recommendations on how to per form such experiments are made. Second, a similar analysis and set of recommendations are presented for the tissue equilibration method. Last, the ac curacies of the two techniques are compared, and guidelines are offered for choosing the more reliable method for the system being studied.
Indicator fractionation
If the rate of cerebral blood flow is to be assessed by the indicator fractionation technique, then the experimental protocol must be set up to minimize the various shortcomings of this technique. Among the possible problems are backflux of the indicator from brain to blood, un synchronized timing of the tissue and plasma sampling, and errors in assaying the sample for the indicator.
Backflux is a cause for error whenever the con centration of free and exchangeable indicator in the tissue becomes appreciable. Moreover, the longer an indicator molecule remains free and exchange able in the tissue, the greater the probability that it will move back into the blood. The backflux error can be minimized by delivering the indicator mol ecules over a short period of time (a pulsed de livery) and terminating the experiment immediately thereafter. Of the arterial time courses modeled, the one which most closely approximates this combi nation of pulsed delivery and immediate termina tion is the parabolically rising case (n = 2 curve in Backflux is also minimized when blood flow is low relative to the distribution space of the indi cator (small FTI'A ratio in Fig. O . In this situation, relatively few indicator molecules are delivered to and enter the tissue, and these indicator molecules are distributed in a large volume. The resulting low tissue concentration means that there will be little backflux of indicator during the experimental pe riod, and EB will be small. Since the A values for the commonly used indicators are similar throughout the CNS but the rates of blood flow are three to five times higher in gray than in white matter, EB is much larger in gray than in white matter. This point should be remembered when considering findings from indicator fr actionation experiments.
The backflux error can also be lowered by choosing an indicator which has a large A value for brain tissue. Lear et al. (1982) report a brain-blood partition coefficient of about 25: I for isopropylio doamphetamine (IMP); thus IMP appears to be a better substance than butanol to use with the indi cator fractionation technique. Of course, the ideal indicator for this technique is one that is completely and irreversibly trapped in the tissue and acts like a chemical microsphere in the system. Although it is desirable to seek substances with high A values, they may additionally bind to such blood elements as plasma proteins and red cells and thus have com plex exchange properties within the blood com partment which compromise their usefulness as in dicators.
As mentioned above, shortening the duration of the experiment diminishes EB regardless of the type of arterial time course; however, short experiments are more prone to the error caused by mistakes in the timing of tissue and plasma samples (ET)' This error arises because the latter part of the arterial time course is incorrectly assessed and varies with the difference between the true and measured con centration-time integrals. This difference is large in the case of a rising arterial time course (n > 0 in Fig. 2 ) because of the high arterial concentration of the indicator during the period of the mistake (8 in Eqs. 13, 15, and 16), but is very small in the case of a fa lling arterial time course because of the low arterial concentration of indicator during 8. In the extreme, the Dirac 1) time course of arterial con centration yields no timing error, since the plasma concentration of indicator is zero for t > 0 (Fig. 2) . Therefore, an indicator administration schedule which yields a low arterial concentration at the end of the experimental period should be selected to reduce the timing error. Figure 1 also shows that decreasing the I:)/T ratio diminishes ET' This occurs because decreasing 8 or increasing T reduces the proportion of the total con centration-time integral affected by the sample timing mistake., Since lengthening the experiment unavoidably increases EB , this way of diminishing ET is counterproductive with indicators which readily diffuse back from brain to blood. Accord ingly, a short experimental period and cognizance of the consequences of timing mistakes are impor tant in studies utilizing the indicator fractionation method.
The tissue assay error of the indicator fractiona tion technique is independent of the fo rm of the arterial time course and of F, A, and T. As a result, the only way to reduce EA is to measure A(T) as accurately as possible.
The preceding considerations of EB , ET' and EA indicate a dilemma when choosing an indicator ad ministration schedule and an experiment duration. In regard to the administration schedule and re sulting arterial time course, a rising time course minimizes EB but maximizes ET' whereas a fa lling time course minimizes ET but maximizes EB ' In re gard to the experiment duration, a short T decreases EB but increases ET' whereas a long T decreases ET
but increases EB'
A good compromise is a rapidly rising and fa lling or "pulsed" arterial time course and a relatively short, precisely determined experiment duration. The arterial time course should rise sharply after administration of the indicator and then rapidly fall to a very low level; the findings of Van Uitert and Levy (1978) indicate that venous injection of a bolus containing the indicator results in such a time course of arterial concentration for [14C]butanol (see their Fig. I) . With such an arterial time course, the experiment should be terminated and tissue samples obtained as soon as the arterial concentra tion of the indicator begins to flatten out at some relatively low level. The arterial concentration time curve of Van Uitert and Levy (1978) was low and virtually flat from 10 s onward, and a termi nation time of about lO s would be proper for an experimental situation similar to theirs (awake, nor mocapnic, gerbils).
We have modelled EB and ET produced by a pulsed arterial concentration -time course as used by Van Uitert and Levy. The results are presented in Ta ble 1 for a lO-s experiment. Under the heading "Back flux," the errors (EB) are listed for various F/}' ra tios, and under the heading "Timing," the errors (ET) are listed according to e value. In all cases, the backflux of indicator leads to an underestimation of the flow rate. For representative rates of blood flow to white matter (F = 0.3-0.5 ml g-I min-I) and
reasonable values of the partition coefficient (}. = 0.8-1.0 ml g-I), F/}' extends from 0.3 to 0.6 min-I and EB ranges from -0.03 to -0.05. For represen tative rates of blood flow to gray matter (0.9-1.7 ml g -I min -I) and the same spectrum of }. values, F/}' ranges from 0.9 to 2.1 min -I and EB extends from -0.08 to -0.17.
Ideally, the extraction of a blood flow indicator will be complete or nearly complete over the entire range of blood flows encountered (i.e., the blood brain barrier (BBB) surface permeability product of the indicator will be equal to or greater than four times F), and the experiment will be terminated be fore backflux becomes appreciable. In reality, this combination of indicator and experiment duration may be difficult to achieve. Sage et al. (1981) varied the cerebral blood flow in rats by altering arterial Pco2 and measured the apparent extraction fraction of tracer butanol at the BBB from 5 to 20 s after intravenous injection. At 5 s the apparent extraction fraction of butanol ranged from 0.87 at higher flows (3.5-5.0 ml g-I min -I) to 0.97 at lower flows (0.5-1.5 ml g-I min-I); at 10 s the values ranged from 0.62 at higher flows to 0.90 at lower flows. Our analysis of these findings suggests that the devia tions of the butanol extraction fraction from 1.0 at lower flow rates is due to backflux (even in 5-s ex periments), whereas the deviations at the highest flow rates are due mainly to backflux and to a lesser extent to a partial permeability limitation in the ex traction of butanol at the BBB. Sage et al. correctly indicate that estimates of F determined from indi cator fractionation studies should be corrected for such experimental shortcomings and provide curves of correction factors for various combina tions of F and experiment duration in their Fig. 2. A somewhat different approach for correcting for backflux has been proposed by Gjedde et al. (1980) .
Ta ble 1 demonstrates that the timing errors of in dicator fractionation studies are generally trivial «5%). In fact, ETcan probably be reduced to nearly zero by close synchronization at the end of the ex perimental period. This can be done, for example, by rapidly pulling or jerking the sampling catheter out of the animal at the instant of decapitation and noting the time carefully.
The preceding analysis indicates that the pre-ferred way of executing indicator fractionation ex periments includes administration of the indicator by intravenous bolus and termination immediately after the arterial concentration of indicator reaches a low level and begins to flatten out (usually about 5-10 s after indicator injection). Other recom mended procedures are plasma sampling by con stant withdrawal (see below), correction of butanol data for backflux, and careful synchronization of terminal plasma and tissue sampling.
Tissue equilibration
Errors in the estimation of tissue blood flow by the tissue equilibration method arise when mistakes are made in the timing of tissue and plasma sam pling and in the assaying of the samples for the in dicator. These two errors were also considered for the indicator fractionation technique. Another cause of error with the tissue equilibration method is the use of the incorrect partition coefficient in the working equation (Eq. 4) . Although this error is not present per se in the indicator fractionation tech nique, it has a certain similarity to the backflux error of the latter technique.
In Eq. 3 the amount of indicator in the tissue is divided by }. to yield the concentration of the indi cator in the tissue fluid and thus the driving force for backflux in the working equation (Eq. 4). As noted in the discussion of EB, backflux is greatest when all the indicator is taken up by the tissue in the initial moments, and least when most of the in dicator is taken up at the end of the experimental period. Accordingly, employment of an incorrect value of }. produces the largest errors in the calcu lation of flow when most or all of the indicator is presented to the tissue at the beginning of the ex perimental period. Figure 3 shows this in two ways. First, the Dirac 1) time course of arterial concentration delivers all the indicator to the tissue at the beginning of the experiment, whereas the parabolically rising time course brings most of the indicator to the tissue at the end of the experimental period. The error in the measurement of flow caused by an incorrect }. value is greatest for the Dirac 1) function and least for the parabolically rising function (Fig. 3) . Second, the shorter the experimental period, the less time there is for backflux, and the smaller the TF/}' ratio and the flow error (Fig. 3) . Thus, to minimize the effects of using an incorrect }., an infusion schedule which yields an arterial concentration of indicator that in creases with time (i.e., a "ramp") and a relatively short experiment length should be chosen for tissue equilibration studies.
To o much shortening of the experiment can, how-ever, lead to problems if the tissue and blood sam pling are not closely synchronized. In order to eval uate the timing error, expressions of (aFlaT)/(FIT) 31 and can be used to estimate (aFIF)A in the same way that it was used to estimate (aFI Fh.
Equation 33 shows that the relative error pro duced by an assay mistake is equal to 1 -(aFlaA)1 (FIA). The first term of the relative error, namely, 1.0, multiplied by aA(T)IA(T) indicates the in flux component of (aFIF)A and is virtually identical to EA of the indicator fractionation technique. The second term of Eq. 33, (aFlaA)/(FIA), is negative for the rising arterial time courses obtained in tissue equilibration studies. As a result, the sum of the first and second terms is always greater than one, and a particular tissue assay mistake causes a larger error in the estimation of F for a tissue equilibration experiment than for an indicator fractionation ex periment. The relative error caused by a tissue assay mis take depends on TFIA and the form of the arterial time course. If the Dirac 0 case is ignored, then the increase in [aFlaA(T))[FIA(T)) with increasing TFI A is greatest for the constant-blood-level case and least for the parabolically rising case. Hence an in dicator administration schedule which produces a rising arterial time course and a relatively short ex periment should be chosen to minimize the effects of tissue assay mistakes.
The data in Figs. 3-5 for n = 1 show that, as TFI A increases from 0 to 2.4, (aFlaA)/(FIA) decreases from 0 to -1.2 (Fig. 3) , (aFlaT)/(FIT) decreases from -2.0 to -3.2 (Fig. 4) , and [aFlaA(T))/[FIA(T)) J Cereb Blood Flow Metabol, Vol. 4, No. 1, 1984 increases from 1.0 to 2.2 ( Fig. 5) . Therefore, for identical values of aA/A (Eq. 27), aTIT (Eq. 31), and M(T)IA(T) (Eq. 34), the resulting mistakes in the determined flow (aFIF) will be similar in magnitude for all three causes of error, but largest for a timing error and smallest for an incorrect A. The impor tance of reducing the relative size of all three of these causes of error, aA/A, a TIT, and M(T)IA(T), is clear from these considerations.
The preceding discussion indicates a dilemma when choosing the best combination of indicator administration and experiment duration for the tissue equilibration method. For example, short ex periments and administration schedules which pro duce monotonically rising time courses of arterial concentration both lower the impact of incorrect values of A and A(T) on the accurate measurement of F but enlarge the effect of poor sample timing.
A possible compromise in experimental design is a combination of an administration schedule that produces initially a rising and subsequently a falling time course of arterial concentration (a non mono tonic or pulsed time course) and a termination time set to coincide with the point at which the plasma concentration of indicator becomes low. This com bination is similar to the one proposed and modelled for the indicator fractionation technique. Since there are no published studies which fit the pulsed rise and fall of indicator concentration suggested for the tissue equilibration technique, this case could not be modelled and analyzed as was done for the indicator fractionation technique with the data of Van Uitert and Levy (1978) . Modelling of strictly theoretical cases has been done (Patlak et al., un published observations), but the results depend strongly on the parameters employed, such as the rate of decline in concentration during the falling (second) phase of the arterial time course. Because of this model specificity, these observations will not be presented here. They suggest, however, that an experimental investigation of indicator administra tion schedules and arterial time courses, as well as termination times, would be worthwhile and could produce an improved experimental protocol for the tissue equilibration method.
There are two other points to be considered in choosing the administration schedule and duration for an experiment. First, the series of blood samples must be precisely drawn and timed so that the entire arterial time course of the indicator is accurately evaluated. This is especially true when the arterial time course is nonmonotonic (for example, rising and falling) as suggested for both the indicator frac tionation and tissue equilibration methods. The constant-withdrawal procedure for blood sampling used with the indicator fractionation technique should be virtually free of such errors and should accurately assess the concentration-time integral, but the repeated sampling used with the tissue equilibration technique is prone to such errors and is less likely to produce a reliable time course of arterial concentration.
Second, unbound indicator molecules within the tissue can diffuse between adjacent areas of dif fering concentration (and blood flow) and thereby smear out local dissimilarities in F. Such diffusional smearing is less in short experiments than in long ones. This argues for short experiment durations, for example, 30 s, for the tissue equilibration method.
Based on the types of arterial time courses cur rently obtained in tissue equilibration studies and explicitly considered by us (all monotonic), an in dicator infusion protocol which yields a continuous rise in arterial concentration with time is preferable for tissue equilibration experiments, since the im pact of incorrect values of '/I.. and A(T) on the reliable assessment of F are least in this situation. An ex periment duration of about 30 s is also recom mended, since such a choice diminishes the effects of incorrect values of '/I.. and A(T) as well as intra tissue diffusion on the accurate measurement of lo calized F values. Shortening the experimental pe riod, however, increases the error in the evaluation of F produced by timing mistakes.
Comparison of the two methods
In the previous discussion, the indicator fraction ation and tissue equilibration techniques were an alyzed, and recommendations on how to perform such experiments made. Now, a comparison of the two methods and specific recommendations on se lecting one or the other technique are offered.
The combined errors for the indicator fractiona tion, EB T A' and the tissue equilibration, (6P/Fh T A' techniques are given in Eqs. 22 and 35, respectively.
If reasonable values for the parameters and for the likely mistakes are assumed, then estimations of the individual and combined errors can be made (the drawback to this approach is that the results are specific for the cases compared and thus can be misleading). The findings of one such comparison are given in Ta ble 2. For this comparison, the pre viously recommended combination of experiment length and arterial time course was used for each technique and modest errors were assumed [for ex ample, e = 6.T = ± 1.0 sa nd a/A(T) = 6A(T)/ A(T) = ± 0.05]. Full information about the values used is given in the footnotes to Ta ble 2.
Although the individual errors do not combine in the same way to yield the total error for the indi cator fractionation (Eq. 22) and the tissue equili bration (Eq. 32) techniques, considering the total error for both to be the sum of the individual errors is not misleading when the individual errors are small. The data in Ta ble 2 indicate that mistakes in sample timing and assaying produce smaller errors in the estimation of cerebral blood flow for the in dicator fractionation method then for the tissue equilibration method. On the other hand, the error caused by backflux, which is always present in in dicator fractionation studies, is greater than the error caused by an incorrect '/I.. value, except when 6'/1.. /'/1.. becomes large (in this example, greater than 0.33). Notably, the range of the combined errors in Ta ble 2 is greater for the tissue equilibration method than for the indicator fractionation method. -0 .13 to +0.13 -0.16 to +0.16 -0.20 to + 0.20 a The fo llowing values were used in the modelling : F = 0.4, 1.0, 1.6 ml g�1 min�l; e = CiT = ± 1.0 s; X. = 0.8 ml/g ; a/A(T) = M(T )/A(T) = ±0.05.
b For the indicator fractionation method, T = \0 s and the arterial time course of indicator con centration was that of Van Uitert and Levy (1978) .
C For the tissue equilibration method, T = 30 s, tlx. = 0.1 ml/g , and the arterial time course of indicator concentration is a ramp fu nction (n = I).
As can be seen from Ta ble 2 and the preceding discussion, both of these techniques have short comings which produce similarly sized errors, and thus a simple recommendation of one of them is not possible. Because of this ambivalence, the most reasonable way of concluding this section is with a review of points to bear in mind when selecting a technique for measuring cerebral blood flow.
If a precise measurement of A. can be made and timing errors plus their effects can be minimized by well-refined sample timing and an optimal tracer in fusion schedule, then the tissue equilibration tech nique is a reliable method and will provide more accurate assessments of F than the indicator frac tionation technique. Moreover, for 30-s tissue equil ibration experiments with rising arterial time courses, the error in the estimation of F produced by a 10-15% inaccuracy in A. is quite small and tolerable . Surprisingly, large errors in the determi nation of F can arise from inaccurate timing of blood and tissue sampling.
The indicator fractionation technique is the more reliable method when A. cannot be accurately deter mined. For indicator fractionation studies, intrave nous injection of the indicator by bolus and a short experimental period reduce the effects of mistakes in sample timing and assaying as well as intratissue diffusion of the blood flow indicator. These are the definite advantages of this method. Furthermore, the constant-withdrawal system for sampling blood in the indicator fractionation technique is more simple and reliable than any of the methods of sam pling blood in the tissue equilibration technique. In summary, the tissue equilibration technique is definitely the preferred method of measuring cere bral blood flow only when the value of A. is known and the TFiA. ratio is high (> 1.0). Under most other circumstances, the indicator fractionation tech nique-despite its ever-present backflux error seems to be as good a method as the tissue equili bration technique for assessing cerebral blood flow. Consequently, the reasonable accuracy and the technical simplicity of the indicator fractionation J Cereb Blood Flow Metabol, Vol. 4, No. 1, 1984 technique make it an approach worth considering whenever cerebral blood flow is to be measured in small laboratory animals.
